RFamides constitute a large family of neuromodulatory peptides. We have cloned a zebrafish gene, which is presumably a homologue to the mammalian PQRF subfamily of RFamides, and named it zfPQRF for its species and subfamily allocation. We report that in contrast to its mammalian counterparts zfPQRF is expressed in the olfactory bulb and the nucleus olfactoretinalis in the telencephalon, but absent in more caudal regions, including hypothalamus, brain stem and spinal cord. zfPQRF-expressing neurons originate in the vicinity of the olfactory placode and populate the nuclei of the terminal nerve during later development, as demonstrated by co-expression of zebrafish salmon-type gonadotropin releasing hormone, which was found to exclusively label terminal nerve neurons. q
Results

zfPQRF is a member of the PQRF subfamily of RFamides
RFamides constitute a large family of neuromodulatory peptides which share the C-terminal arg-phe-NH 2 motif (Walker, 1992) . In vertebrates, three subfamilies may be distinguished by extended C-terminal motives, GRF-NH 2 (prolactin releasing peptide, PrRP, Hinuma et al., 1998; Satake et al., 1999) , LPXRF-NH 2 (GnIH and its gene related peptides GnIH-RP-1 and GnIH-RP-2, Tsutsui et al., 2000; Satake et al., 2001 ; RFRP-1 and RFRP-2, Hinuma et al., 2000; Liu et al., 2001; Fukusumi et al., 2001; fGRP, Koda et al., 2002) and PQRF-NH 2 (Yang et al., 1985; Vilim et al., 1999) . Biological functions for these peptides are diverse, partly overlap between subfamilies, and for the PQRF-NH 2 group (neuropeptides FF, AF, and SF) include nociception, cardiovascular and neuroendocrine functions (Panula et al., 1996; Roumy and Zajac, 1998) .
During the course of a subtractive suppression screen (to be published elsewhere) we obtained a partial clone with spatially restricted expression, which was used to screen a zebrafish brain cDNA library (S.I.K., unpublished). A cDNA containing an open reading frame (ORF) of 75 amino acids was isolated repeatedly, with a frequency of 1/10 4 . The deduced protein is most closely related to the PQRF-NH 2 subfamily of RFamides and was therefore named zfPQRF for its species and subfamily allocation (Fig. 1) . The only other fish RFamide reported so far is a member of the GRF-NH 2 subfamily (Satake et al., 1999) and is only distantly related to zfPQRF (data not shown). An amidated octadeca-and an undecapeptide are predicted from the zfPQRF sequence (Fig. 1) . The shorter peptide may be further processed to the octapeptide VLHQPQRF-NH 2 (cf. Perry et al., 1997) .
Restricted expression pattern of zfPQRF in terminal nerve neurons
Two days after fertilization zfPQRF is only expressed in a minute cell cluster ventromedially abutting the olfactory placode ( Fig. 2A-D) . No brain structures are labeled in whole mount in situ hybridization (Fig. 2) . In situ hybridi- (Fig. 3) . In particular, preoptic and hypothalamic regions and spinal cord do not contain labeled cells. zfPQRF transcripts are detected exclusively in large globose cells (Fig.  2D ) that co-express salmon-type gonadotropin releasing hormone (sGnRH) (Fig. 2E-F) , a reliable marker for ganglion cells of the terminal nerve (cf. Parhar et al., 1998) .
This distribution corresponds to the anterior group of FMRFamide-like immunoreactive neurons recently described for embryonic zebrafish (Pinelli et al., 2000) and also found in early developmental stages of trout (Castro et al., 2001 ). All other FMRF-immunoreactive cell groups described in either species do not contain transcripts for zfPQRF (Figs. 2 and 3 ). Thus these neuronal populations presumably express other RFamides, consistent with the known broad reactivity of the FMRF antibodies (cf. Pinelli et al., 2000) . ; bovine NPFF, Q9TUX7; human NPFF, NP_003708; mouse NPFF, NP_061257; rat NPFF, NP_072108) were aligned using CLUSTAL W (EMBL European Bioinformatics Institute, http://www.ebi.ac.uk) and the tree was generated with the unweighted pair-group method using arithmetic averages (Genetics Computer Group, GCG, Wisconsin package). The comparatively larger distance of zfPQRF from the mammalian homologues is retained in a phylogenetic tree constructed from the mature peptide sequences (data not shown). The scalebar equals 0.1 exchanges per amino acid. 
zfPQRF-expressing cells may derive from an individual precursor cell
Twenty-four hours post fertilization (hpf) no zfPQRF transcript is detectable. At 30 hpf on average a single neuron per side expresses zfPQRF (Fig. 4A, D) . During the next 6 h cell numbers double and subsequently increase steadily, albeit with decreasing proliferation rate (Fig. 4) . It is conceivable that in zebrafish, the neurons of the terminal nerve are derived from a single primary neuron, similar to the primary motoneurons described in this species (Myers, 1985) .
Caudal migration of zfPQRF-expressing neurons is first visible around 48 hpf
Two days after fertilization the tight cluster of zfPQRFpositive neurons breaks up and single cells begin with a caudal migration (Fig. 4C, F, G) . In the adult a chain of zfPQRF-expressing neurons extends until the border of olfactory bulb and telencephalon (Fig. 5A) . A ventrocentral cluster in the rostral telencephalon presumably corresponds to the nucleus olfactoretinalis. Somewhat variable, sparse zfPQRF-positive neurons are found further caudal in the ventromedial telencephalon. The chain of zfPQRF-expressing neurons follows closely the course of the terminal nerve ( Fig. 5 and data not shown), as expected for neurons of the terminal nerve. zfPQRF-expressing neurons were not observed in the hypothalamus and all regions further caudal in the adult (data not shown). Thus, the zfPQRF gene is At 36 hpf, zfPQRFexpressing cells can usually be seen on both sides of the embryo, the labeled cell to the right (arrowhead) is out of focus. View is from rostral, as in panels C-H, the anterior head region is shown. The eyes are visible as weak brown shadows, they become more distinct as pigmentation progresses in the following stages (panels C,E-H). (C) At 48 hpf, cell numbers have increased considerably and the tight cluster of zfPQRF-expressing cells begins to break up. (D) Quantitative analysis of zfPQRF-expressing cells. Numbers were determined using Nomarski optics and counterchecked with fluorescent detection for the early stages. At 24 hpf expression was undetectable, at 30 hpf on average one neuron was labeled. The number doubles between 30 and 36 hpf, afterwards the rate of proliferation decreases steadily. Numbers given are mean^SEM of 12-22 determinations. Panels E-H show expression at 72 hpf, 4, 5, and 7 days post fertilization, respectively. Some large, brown melanophores frame the lips. Note caudally migrating zfPQRF-expressing cells in panels C, F and G (arrowheads). Scale bars equal 25 mm for all micrographs. expressed distinctly different from its mammalian homologue, neuropeptide FF (NPFF), which appears absent in anterior brain regions, but is strongly expressed in hypothalamus, brain stem and spinal cord (Vilim et al., 1999) .
Expression of sGnRH in zebrafish corresponds to that found in other teleosts
Whole mount in situ hybridization of adult brain (both sexes) shows zebrafish sGnRH expression exclusively in the chain of terminal nerve neurons, including the nucleus olfactoretinalis (data not shown). Scattered neurons are detected somewhat variably in ventromedial positions in the telencephalon, and single neurons may be found as far caudal as the hypothalamus, but superficial to it (data not shown). This expression pattern of sGnRH in zebrafish is essentially consistent with the coarse regional distribution reported for another cyprinid (Yu et al., 1998) and consistent with the localization of sGnRH in other teleosts (White et al., 1995; Parhar et al., 1996; Okubo et al., 2000) .
Experimental procedures
Molecular biological work was performed using standard techniques (Sambrock et al., 1989) . Whole mount in situ hybridization of zebrafish embryos was performed according to Schulte-Merker et al. (1992) for single probes and according to Hauptmann and Gerster (1994) for double labeling. In situ hybridization on embryonic and adult cryostat sections was performed as described in Weth et al. (1996) , whole mount in situ hybridization of adult brain was performed according to Weth (2001) . DiI tracing of the terminal nerve was done according to Baier et al. (1994) . A dispersed population of cells is labeled, most rostrally at the entry region of the olfactory nerve, and extending caudally along considerable distances of the olfactory bulb. (B) The terminal nerve (arrowheads) has been traced by injection of DiI, a carbocyanine fluorescent dye, into the interface of olfactory bulb and telencephalon (yellow spot), another animal. Some retrogradely labeled olfactory glomeruli can be seen (asterisks). Comparison of (A) and (B) shows that the zfPQRF-expressing cells are located alongside the terminal nerve. (C) Sections of the olfactory bulb reveal an additional cluster of zfPQRF-expressing cells in the telencephalon, close to the olfactory bulb/telencephalon interface, most probably the nucleus olfactoretinalis. This cluster is out of focus in the whole mounts (cf. panel A). Dashed outlines enclose the left olfactory bulb (top) and rostral telencephalon (bottom). (D) Enlargement from panel A. Individual neurons, with labeled somata and spared nuclei are clearly visible. Note that the label extends into neurites, confirming the neuronal nature of these cells, and possibly indicating axonal transport of the mRNA for zfPQRF (cf. Mohr and Richter, 2000) . Scale bars equal 100 mm in panels A-C, and 25 mm in panel D.
